We review the very stringent lower bounds on the string scale that arise from flavor considerations in models with intersecting branes. Despite the absence of a realistic flavor structure at tree level, flavor changing interactions induce a non-trivial pattern of fermion masses and mixing angles when quantum corrections are taken into account. The resulting realistic theory of flavor allows us to constrain, in an unambiguous way, the string scale up to levels difficult to reconcile non-supersymmetric models.
Introduction
After the so-called second string revolution, string phenomenology has widen its subject beyond heterotic models. One very exciting possibility came across a few years ago through the realization that D-branes intersecting at non-trivial angles 1 allow for a neat way of breaking supersymmetry 2 , generating four-dimensional chirality, and constructing in a bottom-up approach string models with a fully realistic matter and symmetry content 3 . A lot of effort has been put since in the study of the model building and phenomenology of such theories. (See 4 for the initial works and 5 for a more detailed introduction and references.) This intense dedication has resulted almost futile regarding the search of supersymmetric models. The restrictions from Ramond-Ramond tadpole cancellation are so strict that when added to the requirement of the preservation of N = 1 supersymmetry the resulting models are scarce and usually not fully realistic 6 , with extra exotic matter in the spectrum. (See however important progress in this direction in Ref. 7 .) Given the fact that most of the realistic models presented so far are nonsupersymmetric, a sensible question to ask is whether low scale non-fine-tuned models are phenomenologically allowed. A necessary previous step, to which we devote the first half for the present review, is the investigation of the structure of flavor in these models. The trivial structure of tree level Yukawa couplings present in realistic models 8 might seem discouraging at first sight. However the presence of flavor violating processes 9 , both at the string and field theory levels, propagates through quantum corrections to give a rich, realistic structure of fermion masses and mixing angles when one loop contributions are taken into account.
Armed with this realistic flavor structure we can study, in a quantitative unambiguous way, the phenomenological implications of low scale intersecting brane models. The same flavor violating four-point amplitudes that give raise to a realistic fermion spectrum induce important tree-level contributions to meson oscillations and rare processes. These are extremely well constrained experimentally, implying very stringent bounds on the string scale. (Incidentally, we should mention here that while tree level contributions to flavor violating processes decouple as the string scale increases, their contribution to the one loop Yukawa couplings does not.) In an attempt to be as comprehensive as possible and in order to minimize the possibility of fine-tuned situations in which the flavor violating contributions are small, we also discuss a new host of bounds on these models arising from flavor conserving amplitudes. Although the resulting constraints are much milder, still a lower bound on the string scale in the tens of TeV region is obtained.
Flavor Structure of Models with Intersecting Branes
Models with intersecting branes have a number of very interesting features such as the presence of chiral fermions, family replication and the possibility of constructing models with precisely the symmetries and the matter content of the Standard Model. Once a model has successfully passed such a coarse graining sift one has to more finely test it by for instance checking whether a realistic pattern of fermion masses and mixing angles can arise and what phenomenological predictions and restrictions it has. Two main ingredients enter the flavor structure of these models, one is the form of the Yukawa couplings, the other the presence of tree level flavor changing four point amplitudes. These two features are intimately related for, as we shall see, flavor violating operators are needed to generate a fully realistic pattern of fermion masses and mixings but at the same time, bounds on the string scale from the contribution of these operators to rare processes cannot be computed unless the flavor structure is known.
In order to make our arguments more specific, we shall concentrate on a particular model represented in Fig. 1 8 . It corresponds to an orientifold compactification of type II A theory with four stacks of D6-branes wrapping factorizable 3-cycles on the compact dimensions. The compactified space is a factorizable 6-Torus T 2 × T 2 × T 2 , and the orientifold projection is given by ΩR where Ω is the world-sheet parity and R is a reflection about the horizontal axis of each of the three 2-tori,
We have denoted the coordinates of the tori by complex coordinates Z I = X 2I+2 + iX 2I+3 , I = 1, 2, 3, so the three boxes in the figure represent each 2 torus, with opposite edges being identified. The branes have four extended dimensions plus three compactified ones. Therefore, they appear as just lines in each T 2 . The net effect of the orientifold projection is to introduce mirror images of the branes in each T 2 (in the plane running horizontally).
The matter content of the low energy spectrum consists of massless chiral 4-dimensional fermions plus generally massive scalars, both living at branes intersections and transforming as bi-fundamentals of the corresponding gauge groups. The masses of the latter depend on the particular brane configuration (angle between branes) and can be considered as the superpartners of the fermions (for specific values of the angles in which they become massless, some N = 1 supersymmetry will be preserved by the corresponding intersection). Gauge bosons live in the worldvolume of the branes, corresponding to unitary (orthogonal or simplectic groups are also possible for orientifold compactifications) gauge groups. Our particular model contains at low energies just the particle content and symmetries of the MSSM. In order to get that, the model contains four stacks of D6-branes, called baryonic Table 1 and a subset of them, together with some of the relevant moduli, are displayed in Fig. 1 . Table 1 . Number of branes, gauge groups and wrapping numbers for the different stacks in the model discussed in the text.
Stack
Name N k Gauge group wrapping numbers
A crucial feature that governs the whole flavor structure of these models is the fact that different families as well as the Higgs boson live at separate points in the compact dimensions. Yukawa interactions then correspond to instantonic contributions that are therefore expected to be proportional to the exponential of the relevant area connecting the three vertices. A more detailed study of Yukawa couplings, using calibrated geometry 8 , and confirmed later by a proper string calculation using conformal field theory techniques 10,11 , showed that when the compact space is a factorizable torus and the branes wrap factorizable cycles, the relevant area is the sum of the projected areas of the triangle over each sub-torus. The final result, including the quantum part reads
where we have neglected the presence of non-zero B field and Wilson lines and λ II is the string coupling, B is the Euler Beta function, I runs over the three tori, ν I and θ I are the angles at the fermionic intersections, m runs over all possible triangles connecting the three vertices on each of the three tori (there is an infinite number of them due to the toroidal periodicity) and A I (m) is the projected area of the m−th triangle on the I−th torus. Another important feature of the model is the fact that family separation occurs at a different torus for each chirality. As can be seen in Fig. 1 , left handed fermions are split apart in the second torus (called hereafter left torus) whereas they are localized at the same point in the third torus (the right one). The opposite happens for the right handed fields. This fact, together with the previously mentioned that the couplings are proportional to the exponential of minus the projected areas, result in a trivial, factorizable form of the Yukawa couplings at tree level
The resulting spectrum is clearly unrealistic, with one massive and two massless generations. Nonetheless we will shortly see that the same feature of fermion splitting in the compact dimensions originates flavor violating four-point amplitudes that will contribute at loop level to give a non-trivial, fully realistic structure to the Yukawa couplings. It has been known for long that models with split fermions suffer from flavor changing neutral current problems arising from the family non-universal couplings of the gauge boson KK modes 12 . A detailed study of the four-point amplitudes 11 in these models uncovered new sources of flavor violation mediated by string instantons 9,13 . These can be chirality preserving, whose contribution is again proportional to the exponential of the area of the corresponding quadrangle (with a non-zero area in only one torus for the leading contribution) or chirality changing, with a much richer structure and relevance regarding the generation of non-trivial one loop Yukawa couplings. It is the latter that we turn our attention to now. We are interested in the following chirality changing four-point amplitudes (for concreteness we consider here quark fields as external particles)
At the field theory level, such amplitude can be originated by the exchange of the Higgs boson. This process is indeed reproduced in the string calculation, together with other processes, purely stringy in origin, that will be crucial to generate a non-trivial fermionic spectrum. For the sake of the discussion we concentrate for the moment on one particular sub-torus. The relevant amplitude corresponds to a four-sided polygon with two left handed and two right handed quarks as vertices. There are two possibilities for such a polygon, displayed in Fig. 2 , one is obtained by adding together two triangular areas joined by the Higgs vertex (green area in the figure), the string calculation agrees with the intuition, giving a contribution proportional to the product of the two Yukawa couplings (one per triangle) and with a Higgs pole structure,
where we have shown the t-channel exchange for the sake of the example. The second possibility, represented in blue in the figure, lacks a field theory counterpart.
In the case that there is a non-zero area in just one torus, this contribution is again proportional to the exponential of the area swept out by the string connecting the four vertices, this time without running through a Higgs vertex and therefore being suppressed by the string scale instead of having a Higgs pole like the previous contribution. Two important effects are originated from this kind of diagrams, the first is already apparent now. Even in the case of non-zero area in just one torus, although the amplitude is factorizable, it is not proportional to the Yukawa couplings, therefore introducing new, yet too trivial to generate a fully realistic spectrum, flavor structure in the game. The second feature, this time enough to realize a realistic fermion spectrum happens when there are non-zero areas in more than one torus.
In that case, as we shall see in a moment, factorization of the amplitude is lost and fully non-trivial new flavor structure is generated. The technical reason for this non-factorization is the following. In order to perform the string calculation one maps the world-sheet into the upper complex plane, with the vertices in the real axis. Three of the vertices are conventionally fixed at positions 0, 1 and ∞ using SL(2, R) invariance whereas one has to integrate over the position of the last one, that is situated at 0 < x < 1. The classical contribution is then obtained by minimizing the action with respect to this parameter x and performing a saddle point approximation. The crucial point is that there is only one parameter x for all the three tori and although the minimization of the action for each torus gives the projected area in that torus, the value of x min is usually not the same on the three of them and therefore the minimum of the total action does not correspond to the separate minimum of each sub-factor. Apart from the trivial cases in which the areas are equal up to rescaling in all tori or there is a non-zero area in just one torus, there are two (related) cases in which there is still factorization. One corresponds to three point amplitudes that give rise to Yukawa couplings, they are proportional to the projected areas and therefore factorize because we can fix the three vertices and there is not any extra free parameter that could make a difference between the different tori. The second case is chirality flipping amplitudes mediated by the Higgs field. In that case, the minimum of the action corresponds to x min = 1, which is of course common to all tori.
We have seen that the tree level Yukawa couplings are factorizable and therefore too trivial for a realistic spectrum. Chirality and flavor changing amplitudes have been found of three different classes flavor wise, one is mediated by the Higgs boson, they are not only factorizable but also proportional to the tree level Yukawa couplings. The second class is that of factorizable but not proportional to Yukawa couplings contributions, these are for instance the ones in which there is a non-zero area in just one sub-torus. Finally there are other contributions that do not factories, corresponding for instance to non-zero area of the blue type in Fig. 2 in more than one torus. The very rich structure present in four-point amplitudes propagates through quantum corrections to the Yukawa couplings. Even though a full string calculation is possible, we will treat threshold corrections at the field theory level, plugging the values of the chirality changing amplitudes we have just computed as effective vertices. The one loop corrected Yukawa couplings have then a flavor dependence shown in Fig. 3 . Corrections proportional to the Yukawa couplings give no new structure but just renormalizes the tree level values, factorizable but non proportional to Yukawa corrections increase the rank of the Yukawa matrix in one unit, therefore giving mass to the second generation. Finally, non-factorizable corrections give masses to all the three generations allowing therefore for a fully realistic spectrum. In fact, the different contributions we have just mentioned, give a rationale for the hierarchical spectrum observed in nature. Masses for the third family are generated at tree level, thus it is natural for them to be large. The first two generations, getting masses at one loop, are naturally much lighter than the third one. Furthermore, an extra hierarchy can naturally arise if the non-factorizable corrections are suppressed with respect to the factorizable ones. In order to test in a quantitative way our assertions, we have performed a fit to the quark masses and mixing angles reproducing reasonably well the observed spectrum and obtaining in this way a well defined flavor pattern that will allow us to give unambiguous predictions for the phenomenological implications of models with intersecting branes. The relevant (for flavor) parameters defining our model are, the horizontal and vertical ratios in the second and third torus, the position of the right brane in the second, ǫ (2) and the third torus,ǫ (3) , the position of the left brane in the third torus, ǫ (3) , and the ratio of the up-type to down-type Higgs vevs a , tan β. A reasonable value of the quark masses and mixing angles,
V 12 ∼ 0.22,
where we have included a global normalization factor 0.95 in the Yukawa couplings, is obtained for the following parameters (dimensional parameters are expressed in a As we mentioned the low energy matter content is that of the MSSM, including two Higgs doublets.
string units) 
In this particular example, the full flavor structure is fixed, all the values of the relevant moduli, Yukawa couplings, rotation matrices, etc. are known in terms of the string scale. We can therefore compute without any ambiguity the values of any observable as a function of the string scale and obtain in that way precise bounds on it.
We would like to make one further remark before discussing the bounds on the string scale in these models. As we have said, the vast majority of the realistic models with intersecting branes presented in the literature so far are non-supersymmetric. It is to those that the specific mechanism for non-trivial fermion mass generation through Yukawa threshold effects apply. One should however consider the possibility of supersymmetric realistic models (as we will see in the next section the very constraining bounds on the string scale in these models makes it highly desirable for them to be supersymmetric) in which case non-renormalization theorems prevent threshold effects in Yukawa couplings. The very model we have presented possess a supersymmetric spectrum if the ratio of horizontal to vertical radii is equal in the second and third tori (hidden branes that break all the supersymmetries are anyway present in this model so even though the contribution we have computed would vanish in the "supersymmetric configuration", there would be similar ones from strings stretching between the hidden and the MSSM sectors). Nevertheless, even in fully supersymmetric configurations, there are still sources of non-trivial flavor structure that can potentially lead to a realistic fermion spectrum. One possible source is for instance soft breaking A-terms. They have a different flavor structure than Yukawa couplings and this could be propagated through supersymmetric quantum loops to the Yukawa couplings. A detailed study of this and other effects is still necessary to see if realistic flavor patterns can be obtained as well in supersymmetric models.
Bounds on the String Scale
Once a realistic pattern of fermion masses and mixing angles has been developed we can compute, in a well-defined way, the effects of four-point string amplitudes in different observables in order to establish lower bounds on the string scale. The presence of flavor changing processes makes it more likely that rare processes are the most constraining ones. Nevertheless we will also consider the contribution to flavor conserving processes that give independent yet quite strict bounds on the string scale. We start our discussion with the former.
Flavor Violating Observables
Tree level flavor violating four-point amplitudes directly contribute to rare processes like meson oscillations and rare lepton and meson decays. These processes are loop and sometimes GIM suppressed in the Standard Model and therefore very small. They are also extremely well constrained experimentally what makes of them a very powerful probe of flavor violating physics beyond the Standard Model. For this analysis, we have closely followed the discussion in Ref. 14 , where the phenomenological implications of an extra U (1) gauge boson with family non-universal couplings was considered. Of course, it has been extended to take into account not only the effects of gauge boson KK modes but also those of string instantons. Instead of giving a full account of the effect in each of the observables that have been considered, we will discuss in some detail the case of meson oscillations and refer to 14,13 for a more in-depth discussion.
The mass splitting for a meson with quark content P 0 =q j q i , in the vacuum insertion approximation, reads,
where m P and F P are, respectively the mass and decay constant of the meson. Here A ijkl are the dimensionless coefficients parameterizing the four fermion operators (with 1/M 2 s factored out). Indirect CP violation in the Kaon system, which has been measured as well with extreme accuracy, is parametrized by
We compute the limits on the string scale requiring that the new contribution is smaller that the experimental value. This implies the following restrictions on the different coefficients,
• Kaon mass splitting
• B mass splitting
• B s mass splitting
• D mass splitting
• Kaon CP violation
It is clear that if the coefficients of the 4 fermion operators are order one (times 1/M 2 S ), the Kaon system puts a constraint M S 10 3−4 TeV. Using the specific values of the rotation matrices found before we show in Table 2 that these estimations are indeed right.
The list observables is completed with µ − e coherent conversion in atoms, tau decays, and leptonic and semi-leptonic meson decays. Having developed a theory of fermion masses and mixing angles for the quark sector, we can only make an estimation of the bounds implied by these leptonic observables. Nevertheless, the order of magnitude of the bounds on the string scale implied by those is similar of the one found for quark observables, as shown in Table 2 . 
Flavor Preserving Observables
Flavor violating observables have proved extremely constraining in models with intersecting branes. The bounds obtained in the previous section should be considered as typical bounds for these models. The long list of observables we have studied makes it highly implausible that a choice of parameters (moduli) can be made for which all the flavor violating observables are strongly suppressed. In any case, in order to try and avoid that situation and for the sake of completeness we consider now the effects on flavor preserving observables. These effects rely more on very generic features of models with intersecting branes than in the particular structure of flavor. These features are, among others, the presence of several U (1) gauge fields and the appearance of right handed neutrinos. For that reason we shall not use the detailed form of the rotation matrices to perform a very precise computation but will just estimate the effects and the corresponding bounds on the string scale. We will start with a flavor conserving but CP violating observable, electric dipole moment (EDM) of (mainly mercury) atoms. EDM measurements mostly constrain operators of the typed
Let us concentrate on the first transition for definiteness. The relevant Lagrangian is therefore
Using the recent analysis in Ref. 15 we can put the following bound on the corresponding coefficient,
from the mercury EDM. The bounds on the other coefficients and the one coming from the neutron EDM are weaker than this one. Including typical values for the mixing angles we obtain the following (conservative) estimation for the bound on the string scale
The next effect we are going to consider is supernova cooling. For that we will use two rather generic features of models with intersecting branes, the presence of right handed neutrinos and the appearance of new U (1) gauge groups that get masses (and therefore mix among themselves) through a generalized Green-Schwarz mechanism. The emission of right-handed neutrinos during supernova collapse can affect the rate of cooling. This implies the following constraint, for one species of light Dirac neutrinos,
where Λ is the scale of the following quark-neutrino interaction
This effective interaction can be mediated by the "right" gauge boson (the one corresponding to the U (1) gauge group in the right brane) at tree level as well as through the one loop mixing between the Z and the "leptonic" gauge bosons as represented in Fig. 4 . The details of course depend on the particular values of the 
whereas the loop-suppressed process gives
Other processes like LEP constraints on contact interactions or the effects of the extra U (1)'s on the ρ parameter, lead to less stringent bounds on the string scale of the order of the TeV.
Conclusions
Models with intersecting branes have many phenomenologically appealing features. In order to further test their potential for fully realistic models, we have considered their flavor structure. In this way we have been able to compute in an unambiguous way their contributions to a number of flavor violating and preserving operators. The resulting bounds are very stringent
This feature will be generic in any string model in which the different generations of fermions live at separate points in the compact space. In that case, unless flavor violations are strongly suppressed (an example of this situation occurs in the warped case) for any reason, the high string scale implied by them is difficult to make compatible with a stabilized electroweak scale in non-supersymmetric models. We should not be disappointed by these results. They should instead encourage us in the search of realistic supersymmetric models for which much higher string and compactification scales are stable against radiative corrections.
